With the development of next-generation sequencing (NGS), a cutting-edge technology, genotype-by-sequencing (GBS) became available at a low cost per sample. GBS makes it possible to customize the process of library preparation to obtain high-quality single nucleotide polymorphisms (SNPs) in the most efficient way. However, a GBS library is hard to construct due to fine-tuning of concentration of each reagent and set-up. The major reason for this is the presence of undigested genomic DNA (gDNA) owing to the efficiency of different restriction enzymes for different species with unknown reasons. Therefore, this proof-concept study is to demonstrate the unpredictable patterns of enzyme digestion from various plants in order to make the reader aware of the caution needed when choosing restriction enzymes for their GBS library preparations. Indeed, no pattern was found for the digestibility of gDNA samples and restriction enzymes in the current study. We suggest that more data should be accumulated on this matter to help researchers who want to apply GBS technologies in a variety of genetic approaches.
Introduction
With the advent of next-generation sequencing (NGS), a cutting-edge technology, genotypeby-sequencing (GBS), has emerged for the sequencing of multiplexed samples (Elshire et al., 2011) . It can perform molecular marker discovery and genotyping at the same time (Poland and Rife, 2012; He et al., 2014; Kim et al., 2016) . Because of its cost and effectiveness, it has been applied to deal with the large quantities of samples generated by various genetic or breeding populations such as conventional biparental populations, advanced backcross populations, nested association mapping populations, and diversity panels from many plant species. Although many Digestion efficiency differences of restriction enzymes frequently used for genotype-by-sequencing technology Korean Journal of Agricultural Science 44(3) September 2017 319 commercial kits are currently available on the market, the cost per sample is still quite expensive particularly in handling multiple samples from those large-scale populations. The GBS makes it possible to customize the process of library preparations at much less cost, dramatically reducing the cost per sample (data point). It is by far the most efficient way to get high-quality single nucleotide polymorphisms (SNPs) (Gore et al., 2007; Gore et al., 2009 ).
Obviously, many genetic laboratories have used publicly available protocols or set up their own protocols to reduce genotyping costs. However, constructing GBS libraries has multiple steps harmonizing different basic techniques of molecular biology including restriction digestion, ligation, purification, and polymerase chain reaction (PCR). In consequence, trouble-shooting is another issue because library preparation tends to be error-prone. In other words, the quality control of GBS libraries has to be seriously considered in order not to waste resources and labor. From our multi-year experiences in the GBS procedure, we have encountered different issues, leading to the failure of the entire experiment. Those issues can occur at any step such as restriction digestion, ligation, purification, and PCR. From our latest experience, our library preparation encountered multiple failure due to unknown reasons and we tried to exclude potential issues step by step. With the help of fragment analysis, the main source of failure was found in the restriction digestion, which was unexpected. One of the reasons why restriction enzymes (REs) are used in library preparations is to control genomic representations indirectly. GBS uses a low coverage of genomic data; however, if the coverage for each locus is less than 2, it generates a plethora of missing or false genotype data. Since the genome sizes of plants vary, researchers use different combinations of REs (e.g. four-, five-, or six-base cutters) according to their digestion probabilities, resulting in an increase of coverage in each locus. Some may want to use methylation-sensitive REs to focus on the euchromatic regions of genomes, enriching coding regions in a GBS library. Sometimes, REs do not work well due to star activity in which REs cleave similar but not identical sequences. This can be overcome by using high fidelity REs provided by major suppliers. However, the most important point is that the efficiency of restriction digestion in plants varies, indicating that we indeed need prior knowledge of RE cutting profiles for as many plant species as possible. A basic way to visualize those profiles is to use gel electrophoresis but it does not offer enough resolution to see if the fragments are well formed and it requires quite large amounts of digested gDNA. The efficiency of restriction digestion will determine that of downstream steps in GBS library preparation.
To sum up, GBS is low cost, has reduced sample handling, fewer PCR and purification steps, no size fractionation, no reference sequence limits, efficient barcoding and is easy to scale up (Davey et al., 2011) . These advantageous features make GBS a very powerful tool to do many kinds of plant genetic studies including genetic mapping, association mapping, genome-wide association (GWAS), genomic selection, polyploidy, and genetic-diversity studies. This is possible not only due to the features of GBS that make it highly reproducible but also due to extremely specificity of enzyme digest sites.
As briefly stated above, there are sites in genomic DNA (gDNA) that cannot be cleaved with methylation-sensitive REs (Susan et al., 1994) . Thus, gDNA digestion protocols should take into consideration the probability of having target sites over a genomic size of hundreds of mega-bases. Nevertheless, for unknown reasons, some gDNA seems not to be digested in this study. This causes an important problem in constructing GBS libraries. Accordingly, the objectives of this proof-of-concept study is to profile unpredictable patterns of enzyme digestions of various genomic DNA samples in order to let readersbe cautious when choosing the REs for their GBS library construction. 
Materials and Methods

Plant materials
Six diverse plants species were randomly selected from monocots including zoysiagrass (Zoysia japonica Steud., Choridoideae subfamily), rice (Oryza sativa L., Oryzoideae subfamily), and sorghum (Sorghum bicolor L., Panicoideae subfamily), and from dicots such as lettuce (Lactuca sativa, Cichorioideae subfamily), perilla (Perilla frutescens, Laminaceae subfamily), and tomato (Solanum lycopersicum, Solanoideae subfamily). Those plants cover quite number of subfamilies from monocots to dicots. The gDNA of each plant sample planted and grown in the greenhouse in Chungnam National University in Daejeon, Korea was extracted using a CTAB method (Doyle and Doyle, 1987) and diluted at 40 ng/μL. To obtain intact DNA, each samples were frozen with nitrogen and homogenizing with mortar and pestle or a mechanical homogenizer (Honeycutt et al., 1992; Guillemaut and Maréchal-Drouard, 1992) followed by phenol-chloroform-isoamyl alcohol extraction (Zhu et al., 1993 ) to obtain clean DNA samples so that RE is not blocked by junk proteins during digestions.
REs and digestion conditions
Ten REs which are frequently used for GBS preparations were selected (Table 1) . Two of them were methylationsensitive and the others were methylation non-sensitive. Recognition sites ranged from 4 bases to 6 bases. Those REs were from two different companies (New England Biolabs, MA, U.
S.A. and Enzynomics, Daejeon, Korea) but their quality is widely acceptable without variation (unpublished data). Eight units of each RE (since the concentration of
REs were different and the volume of RE treatment varied) with 2.0 μL of the corresponding enzyme buffer, were incubated with 3.0 μL of gDNA (120 ng/μL) to give 20 μL of total volume for 2 hours at 37℃ followed by further incubation for 20 minutes at 65℃ (the volume of H 2 O was adjusted depending on the volume of RE). 
Fragment analysis
DNA fragments generated by REs were detected and visualized using Q-Analyzer (Wind Hill Technologies Co., Ltd, Shanghai, China). Method in the program setting was M-4-10-06-300 for sample injection 3 kV 10 seconds and Digestion efficiency differences of restriction enzymes frequently used for genotype-by-sequencing technology Korean Journal of Agricultural Science 44(3) September 2017 321 separation 6 kV 300 seconds to have 15 -1,000 bp ranges at 2 -4 bp accuracy. Cartridge type was S1 (high resolution catridge) and alignment marker was MA-1.
Results and Discussion
Notably, the gDNA cutting rates of ten REs on six different plant species did not exceed 50 percent (data is not shown), which is very low. The gDNAs of zoysiagrass, rice, and perilla, were cleaved by five Res out of 10 REs (Table 2 , Fig. 1 ). This pattern was not dependent on the kind of REs, RE recognizing bases, or methylation-sensitivity.
Likewise, the gDNAs of sorghum and tomato were cleaved by four REs and those of lettuce were cut by one RE in an irregular pattern. No particular pattern was observed when those samples were grouped into monocots and dicots. In addition, the lengths of recognition sites did not affect the profiles of digestion patterns. Methylation sensitivity also does not seem to be important factor in the cleavage of gDNA based on the results of methylation-sensitive enzymes,
HpaII and NsiI (Comb and Goodman, 1990) . The purpose of using methylation-sensitive enzymes in the GBS process is to increase coverage at each genetic locus. Indeed, the distribution of methylated DNA is overwhelmed in heterochromatic regions in which reside a number of repeated sequences such as transposable elements. However, it is well-evidenced by many whole genome studies that a large portion of genomic DNA is methylated in euchromatic regions which are gene-rich areas (Arabidopsis Genome Initiative, 2000; Paterson et al., 2009; Schnable et al., 2009 ).
Therefore, one needs to be very cautious to use methylation-sensitive REs in the GBS because useful genomic information can be missed. Furthermore, the recognition sites do not seem to be influential to the distribution of DNA fragments sizes. The distribution of DNA fragments sizes is not only related to the base cutting number but also to the RE dosage and incubation time. This should be investigated further because many different factors can contribute to the efficiency of REs. However, any pattern found in this study may not cover all the patterns of many other species.
Thus, it would be necessary to increase plant diversity as well as the kinds of REs.
As a preliminary study to demonstrate if all REs could cut any gDNA, the amount of gDNA samples which are minimally detectable in the fragment analyser were used. Therefore, peaks are not visually obvious. Hence, it is recommended that more gDNA should be added in order to quantify the gDNA fragments of different sizes. 
y indicates gDNA was digested. Nevertheless, the fragmentation by REs could be profiled and predicted according to their sizes using the fragment analyzer. One thing to mention is that the undigested gDNA is not shown because the size of intact gDNA is too large (around 20 kb) to be seen in our analysable range.
In summary, no patterns were found for the digestibility based on different REs or plant species, which is unexpected and very interesting. This phenomenon is likely to make GBS users perplexed because their gDNA samples may not be cut by the REs of their choices. Thus, it is very important to let them know not all REs can cut any gDNA.
The GBS uses the combination of low-frequency and high-frequency cutters to digest gDNA, a barcoded adapter is ligated to one restriction site and a common adapter to the other (Poland and Rife, 2012; He et al., 2014) . Therefore, the selection of REs for GBS approaches is crucial, especially for the reason demonstrated in the current study that the enzyme cleaving is not always working properly for unknown reasons. Further study of why this phenomenon occurs would be another interesting topic. Meanwhile, it would be very valuable to accumulate data on the digestibility of many other plant species with more REs to help researchers not waste their time and money due to the gDNA digestion failure by suggesting a cautious approach during experiment setup for GBS before testing their chosen REs on their own gDNA samples.
